A change of focus from the current production-based Greenhouse Gas (GHG) emissions inventory to an integrated production-consumption carbon accounting system would improve the quality of city-level inventories. London is one of the few cities in the world which has reported its GHG emission inventory using Consumption-Based (CB) methodologies. Although Madrid has adopted the Global Protocol for Community-Scale Greenhouse Gas Emission Inventories (GPC) to report their GHG emissions, the city has never officially reported its GHG inventory using CB methodologies. Thus, the goal of this study is to analyze the challenges that must be faced by the production-based GHG emission inventory of Madrid in order to estimate GHG emissions from their supply chains and final consumers using the London's GHG emissions inventory experience. From the comparison between the 2010 GHG emission inventories of Madrid and London some challenges could emerge that Madrid's decision-makers might need to face regarding urban carbon accounting practices. As results, this paper shows that if GHG emissions from urban supply chains and final consumers are considered, the total GHG emissions reported by the Madrid inventory could double. This increase is similar to what London experienced when comparing production-based and integrated production-consumption GHG inventories. Besides, some difficulties related to lack of information were found when estimating GHG emissions associated with those goods and services consumed in Madrid. It would be useful to develop a full CB inventory using environmentally extended input-output (EEIO) matrices, more city-level primary data, and local cradleto-grave factors, following the methodology applied by the London inventory. These actions would allow a more accurate calculation of urban supply chains and final consumer GHG emissions in Madrid. Finally, further research is recommended in order to improve the current knowledge about the contributions of the energy, transport and waste sectors to GHG emissions in both, Madrid and London.
Introduction
Making cities more sustainable is one of the most vital challenges of modern times, especially as they tend to have an increasing impact on the environment. Therefore, a greater emphasis placed on an integrated perspective on productionconsumption systems is needed in order to increase the quality of current urban Greenhouse Gas (GHG) emissions inventories (Hoornweg et al., 2011) .
City-level carbon accounting standards are crucial to develop good environmental management strategies. They enable city decision makers to clearly identify GHG emission sources and their drivers, reduce the carbon dependence of their economy, and encourage interventions aimed at achieving more efficient and sustainable urban supply chains and consumption-production systems (Schaltegger and Csutora, 2012) . Therefore, most of the city-level GHG inventories are carried out focusing on a production-based approach and they do not account for all the emissions embodied in goods and services consumed in a city. The large and increasing share of GHG emissions 'hidden' in imported goods and services underlines the importance of using consumption-based (CB) approach to develop city-level GHG emissions inventories (Andrade et al., 2017) .
The goal of this study is to analyze the challenges that must be faced by the production-based GHG emission inventory of Madrid in order to estimate GHG emissions from their supply chains and final consumers using the London's GHG emissions inventory experience.
These two cities were chosen due to a number of reasons. Firstly, on the one hand, London is one of the few cities in the world which has developed a CB GHG inventory following the guidelines of the British Specification for the Measurement of GHG Emissions of a City (PAS2070:2014) to report 2010 GHG emissions. The development of PAS2070 for reporting urban GHG emissions was made by the British Standards Institution (BSI), and it captures the direct GHG emissions as well as the indirect GHG emissions from goods and services (Greater London Authority, 2014) .
On the other hand, Madrid has been computing productionbased GHG and other air pollutants emission inventories for more than 10 years, following both the Intergovernmental Panel on Climate Change (IPCC) 2006 guidelines and the 2013 European Air Pollutant Emission Inventory Guidebook (EEA, 2013) . To do so, emission activities are classified according to the Selected Nomenclature for Air Pollution (SNAP) classification (Madrid, 2011a) . The emission inventories that have been compiled over the years for Madrid have also been used to develop and monitor policies and measures to improve air quality in the city (Madrid, 2012 (Madrid, , 2014 (Madrid, , 2017 . In 2015, Madrid decided to adopt other international standards such as the Global Protocol for CommunityScale Greenhouse Gas Emission Inventories (GPC) to report GHG emissions in 2012, but the city has not yet officially reported its GHG inventory using the PAS2070 framework (Madrid, 2015; Dameno, 2016) .
Secondly, from the comparison between the 2010 GHG emissions inventories of these two cities, using CB approach, some challenges emerged regarding the limitations in the effectiveness of local, national and global climate policies that regulate only the domestic production of emissions . These could be of interest for Madrid's decision-makers to improve quality, completeness and effectiveness of urban carbon accounting practices and policies by changing their focus from the current production-based GHG inventory to an integrated productionconsumption carbon accounting system. Thirdly, despite the growing importance of emissions linked to consumption, evidence on Carbon Footprint (CF) of cities remains scarce and comparisons between territorial and CB accounts are largely absent from literature (Kunanuntakij et al., 2017) . Therefore, this study could contribute to fulfill this gap. Additionally, the 2010 GHG emission inventories of Madrid and London were chosen as they are publicly available, unlike most GHG inventories from cities in the world.
Finally, large cities like London and Madrid (the first and third populated cities in the European Union -EU, respectively) are considered to be more consumers of goods and services than producers and bringing down their CF could be a much bigger challenge than simply cutting their domestic emissions production (Minx et al., 2013) . Therefore, this paper contributes to put into discussion the necessity of the cities to provide a more comprehensive estimation of their GHG emissions by switching the focus from traditional GHG inventories to an integrated productionconsumption carbon accounting system in order to account for their responsibility for both territorial and imported carbon emissions.
Literature review
GHG emissions inventories have become one of the most important tools to tackle climate change and meet the global Paris agreement's goal of holding the increase in the global average temperature under the 2 C above pre-industrial levels threshold. The development of these emissions inventories has a long trajectory and, throughout several decades, GHG inventories have improved including more activity sectors and sub-sectors, and international standardized methodologies have been developed (WRI, 2014) .
Normally, the existing methodologies have two distinct focuses: production-based inventories and CB inventories. While the former allocates GHG emissions to the producer, the latter allocates the emissions to the final consumer. Conceptually, CB inventories can be thought of as: consumption equals production-based emissions minus the emissions from the production of exports plus the emissions from the production of imports.
Traditional production-based methodologies were developed for national reporting and fail to account for GHG emissions occurring outside the study boundary but as a result of the activity of the territory (Schaltegger and Csutora, 2012) . Furthermore, recent studies show that developed countries tend to be net importers of emissions whereas emerging and less developed countries tend to be net emissions exporters (Athanassiadis et al., 2016; Scott and Barrett, 2015) .
This same trend can be found at the city level; production-based cities tend to become CB cities as they advance in their socioeconomic development (Mi et al., 2016) . Thus, production-based approaches no longer reflect actual megacities GHG emissions, as they are more consumption centers than production entities (Athanassiadis et al., 2016) .
While it is arguable that countries should publish CB inventories, in the case of cities it is indispensable to report their indirect GHG emissions, as production-based inventories do not provide a comprehensive measure of emissions linked to real activity at the city level (Ramachandra et al., 2015) .
With the growing interest in accounting for indirect GHG emissions related to consumption activities within the cities in order to develop efficient environmental policies, cities, which are presumed to account for 70% of global energy-related GHG emissions, have become the focus of recently developed methodologies, such as: the PAS2070, developed by the London City Council together with the BSI in 2013; and the GPC, jointly developed by the World Resources Institute (WRI), the Local Governments for Sustainability (ICLEI) and the Cities Climate Leadership Group (C 40 ) in 2014.
The GPC is built upon the worldwide-used IPPC guidelines, which provide detailed guidance on data collection and calculation of GHG emissions, and it divides emission sources into scopes and sectors that have been globally adopted. This methodology has been adopted by many programs and initiatives including the Compact of Mayors, the Carbon Disclosure Project (CDP) reporting platform, the British standard PAS2070 and ISO37120:2014 (Sustainable Development of Communities).
The GPC methodology provides a framework for generating GHG emission inventories, where three scopes need to be objectively defined in order to cover all relevant GHG emissions (WRI, 2014):
-Scope 1, which accounts for GHG emissions from stationary energy, transportation, waste, Industrial Processes and Product Use (IPPU) and Agriculture, Forestry and Other Land Use (AFOLU) sources physically located within the city's boundary. -Scope 2, which considers GHG emissions caused by consumption of grid-supplied electricity, heat, steam and/or cooling within the city's boundary. -Scope 3, which accounts for GHG emissions outside the city's boundary as a consequence of activities that take place within the city boundary such as distribution losses associated with grid-supplied energy, waste generated in the city but disposed or treated outside the city boundary, out-of-boundary transportation and emissions embodied in consumed goods and services.
The GPC guidelines give cities the option of selecting between two reporting levels: BASIC or BASICþ. These levels cover specific scopes in different categories of activities, being the BASICþ level the one that provides a broader analysis. The BASICþ reporting level includes the three BASIC categories (stationary energy, transportation and waste) and aggregates IPPU, AFOLU and any other emissions occurring outside the geographic boundary due to urban activities (WRI, 2014) .
Thus, the GPC acted as a base to develop one of the two PAS2070 methodologies: the PAS 2070-DPSC (Direct Plus Supply Chain). It captures production-based emissions (consistent with emissions covered by BASIC and BASICþ reporting levels of the GPC) plus emissions associated with the largest supply chains serving the cities: water supply, food and drink, and construction materials, specifically cement and steel (Table 1) .
Unlike the PAS 2070-DPSC, the second PAS 2070 methodology (PAS2070-CB) captures life cycle GHG emissions for all goods and services consumed by the city, not only water, food and drink, and construction materials, allocating emissions to final consumers rather than to the original producers. The PAS2070-CB methodology sets out an approach to calculate GHG emissions linked to global and national supply chains with the use of EEIO (environmentally-extended input output) matrices.
EEIO analysis evaluates the emission impacts embodied in goods and services traded between nations, and it is recognized as one of the most appropriate tools to estimate CB emissions accounts at a national and sub-national level (Scott and Barrett, 2015; Barrett et al., 2011) . Although it may seem that this type of analysis has a larger uncertainty due to the incorporation of more input data, it has been found that the variation in CB estimates was less than the variation in production-based estimates .
It is interesting to point out that, although there has not been much initiatives and researches regarding the development of EEIO matrices in order to look at CF on a city-level (Minx et al., 2013; Kunanuntakij et al., 2017) , London has taken a global lead in including CB approach in an official GHG reporting inventory changing reported figures from 5.5 to 10e14.5 tCO 2 e per capita when comparing domestic emissions production and PAS2070 (DPSC and CB) results (BSI, 2014) . This fact is also observed in several European cities, such as Oslo whose imports account for 45% of the city's CF (Larsen and Hertwich, 2010b) , or Brussels who quadruples its GHG emissions when accounting the emissions associated with imported goods and services (Athanassiadis et al., 2016) .
In seven United States' cities (Denver, Boulder, Ft. Collins, Arvada, Portland, Seattle, Minneapolis, and Austin) the addition of transboundary transport emissions to the emissions embodied in food and drink, fuels, cement and water increased on average a 47% the per capita GHG emissions (Hillman and Ramaswami, 2010) .
A similar study for the largest five Australian cities (Sydney, Melbourne, Brisbane, Perth and Adelaide) using multi-region input-output (MRIO) modeling revealed that more than 50% of Australia's CF is attributable to consumption activities in those cities. Emissions embodied in imports (especially in the sectors of goods and services, construction, food and drink and electricity) made up 71% of Sydney's CF and 55% in Melbourne in 2009 (Chen et al., 2016a (Chen et al., , 2016b .
A same pattern has been observed in China's cities. Mi et al. (2016) used an input output model to calculate CB emissions for thirteen Chinese cities and find substantial differences between CB and production GHG accounting in terms of both overall and per capita emissions: five are production based cities in which production based emissions exceed CB emissions, whereas eight are CB cities, with the opposite emissions pattern. From the perspective of final use, capital formation is the largest contributor to CB emissions from 32 up to 65%. In Tianjin and Chongqing, for instance, more than half of CB emissions come from infrastructure investments: road construction, cement, steel and building materials consumptions, etc. (Meng et al., 2017) .
In summary, it is important to know how urban sectors affect climate system by emitting GHG emissions. Mi et al. (2015a) have developed an optimization model based on EEIO matrices to assess the potential impacts of industrial structure on the energy consumption and GHG emission in Beijing, China. This study concluded that the industrial structure adjustment has great potential for energy conservation and carbon reduction. Also, raising the proportion of sectors which are low energy intensive and low carbon intensive is an effective method to save energy and reduce carbon emission. Lastly, the study states that energy intensity can be decreased without negatively affecting economic growth with reasonable industrial structure adjustment.
CB accounting has many advantages. It elucidates the drivers of emissions growth, improves cost-effectiveness and justice, promotes environmental comparative advantages, etc. (Mi et al., 2016) . The largest disadvantage of CB emission inventories is that they require additional accounting and analysis. While some cities in the UK, Norway and the United States have started working with this methodology, in other countries such as Spain, EEIO or similar matrices have not yet been developed. (Barrett et al., 2011) . For the case of Spain, there were some efforts to develop country-wide EEIO in 2000 and 2010, but studies are scarce and no work was continued (Morilla and Díaz-Salazar, 2004; Morilla, 2010) . This instrument is also missing at Madrid's level, with no previous studies of this kind for the city. Therefore, policies set at a regional level fail to address the real challenges that the city faces in order to reduce GHG emissions.
According to Barrett et al. (2011) , an integrated productionconsumption carbon accounting system is a key point for the development of competent low-carbon policies. Convergence between production and CB inventories should be seen as the best long-term solution for urban transformation towards decarbonized economies (Chen et al., 2016a) .
The use of inappropriate methodologies and indicators results in inaccurate representations of city emissions, and it affects local climate change policy making (Ramachandra et al., 2015) . It is therefore crucial to choose the appropriate methods and indicators to be used in climate change research. For instance, in order to put pressure on regions that perform poorly in mitigating climate change and highlight regions with best practice climate policies, Mi et al. (2015b) explored a method to assess regional efforts on climate change mitigation at sub-national level in China. This study developed a climate change mitigation index (CCMI) with 15 objective indicators that were divided into 4 categories: emissions, efficiency, non-fossil energy, and climate policy. Cities such as Hong Kong, with an economy that produces few physical resources, but whose population import and consume large quantities of highly polluting products, have inefficient climate policies. Hong Kong's policies were agreed upon the result of 6t CO 2 e per capita per year shown by a production-based inventory, figure that escalates to 9.2 when considering a CB methodology. For example, Hong Kong's consumption of imported forestry products, particularly wood and paper, are not included in the territory's official emissions inventory, despite the significant GHG emissions which are associated with these imports (Harris et al., 2012) .
London and the UK have also experienced similar increases in their reported GHG emissions when taking into account consumption activities. In fact, differences between CB and production-based methodologies have followed an increasing tendency. From 1990 to 2008 the difference in growth between CB and production-based emissions was 23%, the largest growth compared to other industrial nations in the top ten CO 2 emitters (Barrett et al., 2011) .
The success of GHG emissions reduction measures is offset by emissions generated in other regions to meet cities demand. Developed cities and countries are expected to remain net importers of emissions. By 2050, the UK's consumption emissions are estimated to be 43% higher than the target of cutting down emissions by 80% from 1990 levels if only current internationally pledged reductions were implemented (Scott and Barrett, 2015) .
A focus on CB emissions highlights new policy options that may not be observed from a production perspective. From this traditional perspective, the main sources of emissions usually are energy production, energy-intensive industries and transportation, but a consumption perspective points towards manufactured products and consumed goods and services (Barrett et al., 2011; Peters, 2008) . In order to show how limited the focus on only direct GHG emissions is, Larsen et al. (2012) identified that often 90% of mitigation strategies of the low-carbon policies are aimed at only 10% of the Norwegian cities' CF.
While in UK over 40% of CB service sector emissions are from the public sector, in Norway this figure changes to 15%. This share is different for every country but it is assumed that the order of magnitude is maintained and the actions of the public sector are, therefore, essential to tackle climate change Hertwich, 2010a, b, 2011) .
It is in the hand of the government and public administration to take advantage of CB inventories that together with a good production-based analysis lead to more effective policy instruments; setting, at the same time, an example for GHG emissions' reduction in the private sector. Nevertheless, it has to be pointed out that taking a production perspective gives the impression of progress towards the global environmental objective, while a CB perspective shows the opposite (Barrett et al., 2011) .
As policies of reducing emissions are bound to an increase in costs, abating countries will turn to non-abating countries to fulfill their demands and, therefore, the effort of some abating countries will be offset by an increase of emissions in non-abating countries (Eichner and Pethig, 2009; Ramachandra et al., 2015) .
Then, the carbon leakage is a recent phenomenon that is not taken into account when calculating GHG emissions based on a production-perspective point of view. This phenomenon is only detectable by using a CB perspective accounting which illustrates a more complete picture of the countries/cities carbon emissions on a global scale. As more industrial activities are outsourced to developing countries, local reduction of GHG emissions is not necessarily a sign of global GHG mitigation (Larsen and Hertwich, 2009) because one significant part of global CO 2 emissions stem from the production of good that are consumed in a different country. However, traditional national GHG inventories do not include emissions associated with imported goods and partially present the true responsibility associated with a country's GHG mitigation actions (Davis and Caldeira, 2010) .
For instance, the increased exports from China to the UK are a particularly key factor underlying the significant increase in the UK's CB emissions. In fact, the UK emissions are rising, once GHG emissions in imported goods (from China or elsewhere) are included (Barrett et al., 2011) . As the domestic emissions production is the basis for countries climate policy, the reduction of emissions of some countries or cities, like UK and London, looks less impressive if they take in account the emissions related to imported goods and services.
Some studies focusing on Madrid reveal that the city is one of the largest consumers of electricity and fuel in the country (AEE, 2010) . The consequences in terms of GHG emissions of the large amounts of energy that supply the city are accounted for in the traditional GHG inventory. However, a more integrated productionconsumption carbon accounting system would foster improvement of the city's environmental policies.
The comparison between London and Madrid is a perfect starting point for analyzing the current state of Madrid's inventory and presenting specific improvement actions that should be considered by the latter.
Methodology
As previously explained, PAS2070 standards provides a robust framework for generating CB GHG emission inventories. It captures indirect GHG emissions that were not accounted for in more traditional GHG inventories. As London has a detailed case study following PAS 2070 (DPSC and CB) methodologies, it was used as the reference for the calculation of Madrid's initial-stage PAS2070 GHG emission inventory in order to present a more realist figure of its GHG emissions.
In comparison to London, Madrid has not yet developed EEIO matrices at city-scale, it was not possible to use the PAS 2070-CB methodology. Then, for analyzing the other challenges faced by Madrid with regards to the PAS2070 London GHG experience, this study has estimated the Madrid's PAS2070 GHG emission inventory using only the PAS 2070-DPSC methodology.
In order to carry out this study, no primary sources were used. Instead, only secondary data from Madrid and London GHG inventories were collected from official and institutional documents for the year 2010.
More specifically, the available 2010 secondary data from PAS 2070 application case study was used for London. Madrid, however, does not report its GHG inventory using the PAS2070 framework and only in 2015 it decided to adopt the GPC methodology to report its 2013 GHG emissions at BASIC and BASICþ levels. Then, the available 2010 traditional production-based Madrid's GHG inventory, following the IPCC 2006 guidelines and the EMEP/EEA 2013 air pollutant emission inventory guidebook was used. Table 2 provides basic information about Madrid and London.
They were used as references to estimate the PAS 2070 GHG emission inventories of these cities. In order to make the comparison with London possible, the traditional production-based Madrid's GHG inventory was complemented with secondary data regarding consumption rates of goods and services collected from official documents of municipal and national governments as well as other private and public institutions and data bases.
The consumption data of water, construction materials (cement and steel), and food and drink were obtained from local and national statistical agencies. Some figures come from downscaling national per capita consumptions to Madrid's population. The Emission Factors (EF) were chosen from the life cycle inventory database (Ecoinvent 3.2, 2016) Tables 3 and 4 show the data used for calculating the Madrid's goods and services GHG emissions by the PAS 2070-DPSC standards.
The amounts of goods and services consumed as well as the EF used to calculate the associated GHG emissions for Madrid shown in Tables 3 and 4 are considered as low-quality data. Firstly, most of the good and services consumption figures are not specific for Madrid boundary. They have been scaled-down from national consumptions in most of the cases by considering population as surrogate. Secondly, EFs have a low reliability as most of them have been developed for Denmark and Central Europe. They are, however, the closest estimations available in Ecoinvent 3.2 (2016) .
In order to confront and discuss the results of Madrid's and London's GHG emissions by using the PAS 2070-DPSC standards, the following indicators were used: o Per capita GHG emission by traditional produced based inventory, GPC (BASIC and BASICþ), PAS 2070 (DPSC and CB) standards; o Per capita urban and national GHG emissions; o Per capita GHG emission by sector and subsector; o Per capita stationary energy GHG emissions; o Per capita transport GHG emissions; o Per capita waste GHG emissions; o Per capita goods and services GHG emissions.
As Lumbreras et al. (2009 Lumbreras et al. ( , 2015 point out, uncertainties are inevitable when the GHG emissions inventories are estimated. Therefore, an assessment of uncertainties related to GHG emissions inventories is important to provide useful information for policymakers about the potential limitations of the findings. For this purpose, there are many tools to carry out quantitative and qualitative uncertainty analysis.
In this work, there are important sources of uncertainties associated to Madrid's and London's GHG emissions results such as the uncertainties in the city-level emissions inventories; estimations techniques per se consist of a simplification that may not represent the reality and use of default, low-quality and surrogate data, especially for EF and amounts of goods and services consumed at city-level. However, no quantitative or qualitative methods were utilized for expressing the uncertainties of the results. It is a limitation of this study and further investigation is required. Table 5 shows the total GHG emission of London and Madrid inventories under PAS2070-DPSC methodology for 2010.
Results and discussions
The evolution of GHG inventories is reflected in Fig. 1 . It shows the increase of total GHG emissions with different methodologies from traditional production-based perspectives (including GPC reporting levels BASIC and BASICþ) to PAS 2070 (DPSC and CB) methodologies. As previously explained, Madrid has not yet developed a CB inventory because EEIO matrices have not been found at city-scale and future research is recommended. Then, dotted lines showed in Fig. 1 represent an estimate for Madrid's total GHG emissions under PAS 2070-CB methodology.
The inclusion of consumed goods and services proved to be an improvement in the estimation of GHG emissions inventories. In the case of London and Madrid, GHG emissions increased by 74% and 112% respectively when comparing traditional approaches (BASICþ) with ones that start including emissions linked to consumption (PAS 2070-DPSC).
This increase in reporting GHG emissions when consumption and transboundary activities are included is typical of developed cities that tend to be net importers of food and services. In fact, this relevant increase of emissions was also found in several cities in Norway that increased their figures by 30% Hertwich, 2009, 2010a) .
In accordance with the previous analysis, Fig. 2 highlights that considering scope 3 GHG emissions is the main responsible for the increase in per capita GHG emissions between PAS 2070-DPSC and others approaches: traditional and GPC (BASIC/BASICþ). According to these results, cities whose consumptions derive into the generation of MtCO 2 e must take into account the scope 3 emissions for reducing the urban effects on climate change.
London and Madrid, as capital cities of developed countries, are expected to have more GHG emissions associated with the Source: Madrid (2011a) and Greater London Authority (2014). consumption of goods and services than with their production. The PAS 2070-DPSC methodology which accounts for these emissions clearly reflects the effects of the consumption levels on total carbon emissions of both cities. If we confront London's and Madrid's traditional GHG emissions with those of UK and Spain using domestic emissions productionbased methodologies, the results show that these cities have lower emission rates than national averages. But if PAS 2070-CB inventories are used, the results show an inverse trend: urban emissions rates are higher than national ones (see Fig. 3 ).
Data from Fig. 3 corresponds to year 2010 except for the value of Spain's GHG under CB methodology. The 11.68 tCO 2 e per capita of Spain represented in the last bar correspond to year 2005 as it was the only figure that could be found in literature (CAR PL, 2008) .
Total GHG emissions for UK and Spain under PAS 2070-DPSC methodology as well as Madrid's total GHG emissions under PAS 2070-CB methodology are not available publicly and, therefore, a rough approximation for these numbers has been plotted in Fig. 3 using dotted-line bars.
The observed relationship between London's and Madrid's emissions and national averages is similar to the results of the analysis of Harris et al. (2012) regarding Hong Kong's emissions when taking into account scope 3 GHG emissions from some consumption activities. Source: Developed by the authors from data of Madrid (2011a) and Greater London Authority (2014). Meng et al. (2017) point out a correlation between GHG emissions and levels of socio-economic development. London, with higher per capita GDP, shows higher per capita emissions than Madrid.
As stated by Minx et al. (2013) the increases in average income of municipalities rise the CF. In general terms, wealthy cities tend to have a higher CF per capita compared to less wealthy cities when all other factors remain constant Hertwich, 2011, 2010a) .
The disaggregation of per capita emissions by different sectors and sub-sectors illustrates the differences between the two European cities analyzed (see Figs. 4 and 5). Large differences are found in stationary energy (both in residential and commercial buildings) and goods and services. Also, some differences are observed in transport (mainly in aviation and road transportation). All these differences are inherent to the different civil, cultural and economic structures of the cities.
Taking a closer look to goods and services, which is the most recent developed part of the PAS 2070-DPSC methodology, a significant difference is observed in per capita emissions between London (1.615 tCO 2 e) and Madrid (2.119 tCO 2 e). Both cities have quite similar consumption cultures. Thus, it would be expected that Madrid with lower per capita GDP would have lower consumption rates and, therefore, lower per consumption-related capita GHG emissions. The unexpected result could be related mainly to the emissions linked to the different EF for the construction materials consumed (see Fig. 5 ) and is deeper analyzed later.
Regarding stationary energy, Fig. 6 illustrates a significant difference in total GHG emissions per capita while similar emission allocation to residential buildings and other (commercial, industrial, and government) buildings.
Differences regarding stationary GHG emissions between these two cities could be associated with the discrepancy in maximum and minimum average temperatures (see Table 2 ); the disparity of heating, cooling and insulation systems; and the substantial variance in grid-supplied electricity EF: London is 0.524 ktCO 2 e/GWh (Greater London Authority, 2014), significantly higher than the 0.292 ktCO 2 e/GWh of Madrid (2011a) . Fig. 7 points out the role that indirect emissions play in the sector of stationary energy, as in both cities scopes 2 and 3 emissions account for more than 60% of total CO 2 e emitted.
Focusing on transportation GHG emissions, Madrid has a slightly higher per capita emission rate than London caused by a significant difference in GHG emissions from aviation transportation (see Fig. 8 ). This is an unexpected result as London has larger airport activity than Madrid. In fact, Heathrow airport obtained in 2010 the rank of first busiest European airport, with 66 million of passengers (CAA, 2017), whereas Barajas airport in Madrid was considered the fourth one, with 50 million of passengers in 2010 (AENA, 2017). However, it can be observed that Madrid's inclusion of transboundary transportation activity has increased disproportionately its aviation GHG emissions. Therefore, the contribution of aviation to climate change is considerably uncertain because of the complexity and different methodologies for its estimation and the allocation of emissions between origins and destinations. In fact, cities with intense aviation activity like Hong Kong can report up to one quarter of its total GHG emissions under this sector if transboundary transportation is taken into account (Harris et al., 2012) .
Concerning factors affecting road transportation and consequently per capita GHG emissions, there are several studies showing a close link to geographic characteristics, urban layout and population density. Larsen and Hertwich (2011) state that in Norway the five highest CO 2 emitting counties (Sogn of Fjordane, Finnmark, Nordland, Nord-Trøndelag and Troms) have in common a low population density. This statement of an inverse relationship between population density and CF was also found in the cities of UK by Minx et al. (2013) , and the cases of Madrid and London comply with that hypothesis. As for the waste sector, it may not seem as important because of the lower GHG emission rates associated with it. However, as Perez et al. (2017a, b) defend, waste and wastewater management strategies are one of the main focus of cities' policies to mitigate their GHG emissions as it is a local governmental duty.
Madrid accounts for more per capita waste GHG emissions than London and it is observed that the biggest difference comes mainly from the GHG emissions associated with landfill treatment (see Fig. 9 ). Landfill emissions vary with several factors including share of organic matter, temperature, age of the landfill, and calculation methodology.
Regarding waste treatment technologies, Madrid deposits 56% of its waste in landfills and London 49%. London incinerates more waste as compared to Madrid and, therefore, accounts for higher incineration emissions. Fig. 9 also shows a much larger emission of GHG in Madrid from wastewater treatment. Several hypotheses could explain the difference, including a bigger capture of biogas in London as compared to Madrid (Greater London Authority, 2011; Madrid, 2011b) .
As presented in the literature review, the PAS2070-DPSC methodology includes a new sector of GHG emissions linked to consumption of goods and services. Fig. 10 shows the differences regarding GHG emissions of the subsectors for this category.
It can be observed that construction GHG emissions are very different for London and Madrid. The dissimilarity could be associated with a difference in consumption rates and, most probably, with the low representativeness of the EF of cement and steel used for Madrid. These factors were not available at city-scale level and they were taken from SimaPro 8. 3.0 (2016) .
Also, it is interesting to point out that the per capita GHG emissions from main water supply to both cities account for very small numbers (0.005tCO 2 e in Madrid and 0.002tCO 2 e in London). It is happening because, according the PAS2070-DPSC methodology, the subsector of water supply (see Table 1 ) accounts only the GHG emissions produced as a result of the energy used to distribute water. However, all the GHG emissions derived from the use of energy to produce drinking water within the boundaries of the city are already taken into account in the sector of stationary energy. Therefore, the GHG emissions related to water presented in the sector of goods and services are those one produced from the energy used to transport the water from its sources (dams, reservoirs, etc.) to the boundaries of the cities.
This first approximation to calculate emissions associated with consumption in Madrid proved that a significant amount of GHG emissions (6.93 million tCO 2 e) were missing from the inventory. Madrid, as other cities in developed countries, is an importer of embodied emissions that make up almost the 25% of total GHG emissions reported following the PAS2070-DPSC methodology.
Conclusions
Madrid has developed GHG emissions inventories over the last decade but using a methodology that fails to provide an adequate guide to the comparative climatic impact of consumption patterns within the territory. As a result, Madrid and other cities around the world have underestimated its contributions to climate change. Using London's PAS2070 GHG emission inventory experience as reference, this study shows that, according to Direct Plus Supply Chain (DPSC) standard, which include indirect emissions from consumption of goods and services, Madrid doubles their total GHG emissions reported by the traditional production-based inventory. Therefore, there is a need to cut imported emissions as well as those produced in the cities. Some implications were revealed by the comparison between the 2010 GHG emissions inventories of these two cities: i) focusing GHG inventories and climate policies on domestic production fails to address the climate impact of imported carbon emissions and contributes to the infectiveness of carbon reduction actions; ii) as an integrated production-consumption approach provides a more comprehensive figure about the cities/countries emissions on a global scale, it is more appropriated to drive the low-carbon policies, considering the fact that climate change is a phenomenon with global impacts. Thus, it is vital that cities/countries make efforts to measure not just their domestic production of emissions but also the emissions associated with the consumption and use more realistic data to drive their climate policies; iii) CB approach to measuring the CF of cities and countries is an idea that if applied internationally would have implications for global climate politics, creating a fairer basis for international negotiations and contributing to the increase the effectiveness of the global climate policies.
Some limitations were found during this study. Public data regarding GHG emissions under PAS 2070-DPSC standards were not found for UK and Spain in the literature. Similarly, Consumption Based (CB) GHG emissions for Madrid were missing. Only available secondary data for 2010 were utilized for comparing the GHG emissions inventories of the two cities. Also, the results cannot be compared to previous years and, even though basic relationships comparing the two cities have been met, it is not possible to defend the accuracy of the results. Estimations made in this study in order to fulfill these limitations constitute a first approach and have low certainty. GHG emissions inventories should include uncertainty estimations to aid the decision-making process. Thus, further investigation is required in order to decrease and assess the uncertainties associated with the city-level GHG emissions inventories.
These evidences suggest that Madrid should look beyond a production perspective, and should address the productionconsumption systems to improve its GHG inventory. The following two challenges are faced by Madrid regarding the development of an integrated production-consumption GHG inventory:
1) Development of a CB methodology. National-scale input-output models are not yet mature for Spain, and little is known about city-level input-output models. London has developed a full PAS 2070-CB inventory helped by EEIO matrices, which was impossible to compare to Madrid as the Spanish capital lacks this kind of analytic tool. Therefore, further lines of research should be directed towards developing EEIO matrices for the city of Madrid, that would give a holistic view of the city and could promote implementation of low-carbon policies addressing consumed goods and services. 2) Improvement of the cities' statistic information systems in order to provide disaggregated and high-quality data at a local scale. Significant amounts of data need to be collected to conduct a city-level GHG inventory. Normally, some of them are not available at city-level. For example, in this study, national average EF, foreign cradle-to-grave factors, and national or regional data downscaled from national consumption in most cases considering population as surrogate were used instead of city-level data. This is an important source of uncertainties associated to the Madrid's GHG emissions inventory.
Additionally, considering that activities in urban sectors affect the climate system by emitting GHG emissions, while climate change has impacts on urban sectors, further research is recommended in order to improve knowledge about contributions of the following urban sectors to GHG emissions in Madrid and London (and their associated uncertainties): 1) Heating, cooling and insulation systems, including to what extent the difference in electricity EF can affect stationary energy GHG emissions; 2) Transboundary aviation emissions, taking into account the activity of international airports; 3) Waste management, as one of the main responsibilities for local public administrations around the world. Since there are significant differences on emissions depending on the waste management system, further studies are recommended to show lessons learnt from low emission cities.
Finally, it would also be interesting to expand this study to other European cities. A comparison between different EU cities could show trends in consumption habits that have high-intensity GHG emissions. It could also help to develop inter-European policies that would contribute to reduce carbon leakage and CB GHG emissions.
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